Background {#Sec1}
==========

The pork tapeworm *Taenia solium* continues to be a major cause of epilepsy in Africa and represents a heavy burden for the pork value chain. After ingesting the parasite's eggs, pigs become infected and larvae form cysts in muscle tissue of the host (porcine cysticercosis); people who eat contaminated pork will then harbor an adult tapeworm in their intestine. At that stage, the tapeworm produces few or no symptoms (taeniasis), but when it expels its reproductive segments in human faeces, infective eggs are disseminated into the environment and/or can contaminate human food. In this case, a person who ingests infective eggs can develop the human cysticercosis phase of the disease, which causes chronic headaches, meningitis, blindness, and even death when the tapeworm's larvae enter the brain and trigger severe epileptic seizures \[[@CR1]\].

In Madagascar, some basic steps are still needed to assemble sufficient data to draw a clear picture of the taeniasis/cysticercosis complex. Human taeniasis is clearly underestimated but neurocysticercosis is frequently reported \[[@CR2]\]. Studies carried out in Madagascar between 1994 and 1999 reported an antibody seroprevalence to human cysticercosis ranging from 7 % to 20 % \[[@CR3]\] with the highest levels recorded in the central highlands and less than 10 % in coastal areas \[[@CR4]\].

Pork contaminated by *T. solium* is expected to be highly prevalent due to the serious lack of sanitation infrastructure, to roaming pigs in villages, and/or to biosecurity breaches in pig farms \[[@CR5]\], but the epidemiological situation is certainly underestimated. Official veterinary services reported an overall prevalence of porcine cysticercosis of around 0.5 to 1 % at the slaughterhouse \[[@CR2]\], surprisingly suggesting that exposure by Malagasy consumers to infected meat could be low. Given the informal organization of the pig sector, estimating prevalence is a challenge, even though it is crucial to identify the geographical distribution of the parasite before planning control measures \[[@CR6]\].

The aim of this study was to estimate the overall prevalence of *T. solium* cysticercosis in the swine population in the main pig production areas of Madagascar, and to investigate the main parameters associated with cysticercosis infection in pig carcasses in two urban abattoirs in Antananarivo, the capital.

Methods {#Sec2}
=======

Field data {#Sec3}
----------

A pilot surveillance system was implemented in the two main urban abattoirs among a total of five official slaughterhouses (comprising a total of 15 slaughtering slabs) located in Antananarivo (central Madagascar): the main slaughterhouse, Anosizato (Abattoir \#1) had 11 registered slaughtering slabs, whereas Ankadintratombo (Abattoir \#2) had only one. Each slaughterhouse was monitored daily over a period of 12 months from March 2013 to February 2014. Information was collected with the active participation of veterinary students from the Veterinary School (Antananarivo University), local veterinary officers, technicians in charge of official meat inspection and professionals in the pork value chain. In abattoir \#1, an average of 172 pigs were recorded daily (for a total period of 346 days) by a veterinary student who benefited from the strong involvement of stakeholders: every day after the pigs were slaughtered and dressed, butchers and slaughterhouse workers gave each carcass a preliminary visual and incisional inspection, and informed our surveyor of the need for further examination when necessary. In abattoir \#2, every day, a second veterinary student examined each animal slaughtered (daily average 23 animals) for a total period of 341 days. In both situations, the status of carcasses suspected of harboring cysticercosis was confirmed by incisional examination following the local meat inspection procedure \[[@CR7], [@CR8]\]. The heart, masseters, diaphragm, and tongue were examined by eye. Long parallel incisions were made in external and internal masseter muscles. The tongue was palpated and a longitudinal incision was made at the base of the tongue to look for cysts. The heart was cut open to detect cysts in the septum \[[@CR9]\]. Information was recorded on the breed, day of slaughter, and region where the animal was raised. The cysticerci stages, i.e. viable or degenerated, were not recorded. No information was recorded on the number of larvae in the muscles or on the location of cysticerci lesions.

Urban markets in Antananarivo are supplied by a complex network of traders, and pigs from all over Madagascar are transported from distant regions and slaughtered in urban abattoirs \[[@CR2]\]. Unfortunately, traceability of animals is illusory and the only reliable information for surveillance at the final market is likely to be the production area \[[@CR10], [@CR11]\]. For the purpose of this study, the administrative regions in Madagascar were aggregated into four meta-regions based on their geoclimatic characteristics: (i) the north and north-western region, which includes Diana and Sofia regions, has an equatorial climate with temperatures ranging from 15 °C to 37 °C; (ii) the western region, which comprises three regions (Boeny, Menabe, Melaky), has less rainfall, and temperatures range from 10 °C to 37 °C; (iii) the central region of Madagascar is made up of uplands (Analamanga, Amoron\'i Mania, Bongolava, Vakinankaratra, Itasy, Haute Matsiatra, Ihorombe), the altitude ranges from 1200 to 1500 meters asl., and the climate resembles a Mediterranean climate (average temperature 20 °C); and (iv) the southern region, which includes Anosy, Antsimo Andrefana regions, is a dry sub-desert area with a wide range of temperatures (from 6 °C to 40 °C). The seasons were defined as follows: fall (cool dry season) from April to May, winter (cold dry season) from June to August, spring (warm dry season) from September to October, and summer (warm rainy season) from November to March.

Data analysis {#Sec4}
-------------

Apparent prevalence with a 95 % confidence interval (CI) was calculated using data from our sample survey dataset detailing the number of positive animals vs. negative animals, on each day of the survey, for each breed (improved vs. indigenous), for each slaughterhouse (n = 2) and for each production commune (n = 79). Apparent prevalence was defined as the number of pigs found to have cysts during meat inspection divided by the total number of pigs slaughtered.

Corrected prevalence was calculated by dividing apparent prevalence by the "detection fraction" \[[@CR12]\] i.e. the proportion of infected pigs successfully detected under meat inspection procedures in African countries. The sensitivity and specificity for detecting *T. solium* cysticercosis by meat inspection in African conditions was previously calculated using a Bayesian approach to be 22.1 % and 100 % respectively \[[@CR13]\]; in this particular situation where, given a specificity of 100 %, false positive results could be disregarded, the detected fraction was similar to the sensitivity and was estimated at 22.1 %.

Multivariate logistic regression analyses were performed to test the associations between risk factors (individual and group-level) with the observed prevalence of *T. solium* on carcasses as outcome variable. Taking into account overdispersion in the total dataset and missing values, three models were run to cover every combination of parameters: (i) model 1 compared prevalence only in indigenous pigs in the central, northern and western climatic regions because of the poor availability of information about commercial breed pigs; (ii) model 2 investigated prevalence in southern regions where observations were sparse, and (iii) model 3 explored prevalence in the administrative regions in the central upland climatic area, for which our dataset was sufficiently complete to assess the association of breed with cysticercosis infection.

The modeling selection strategy of Hosmer and Lemeshow was used \[[@CR14]\]: the statistical significance of each variable was evaluated separately. Each variable with a *p-value* lower than 0.20 was included in a generalized linear model (GLM) for multivariate analysis. The contribution of each factor to the model was tested using a likelihood ratio *χ*^2^ in a stepwise procedure. The simpler model was determined using the lowest value of the Akaike information criterion (AIC) \[[@CR15]\]. The goodness-of-fit (GOF) of the final model was assessed using Pearson *χ*^2^, deviance and Hosmer-Lemeshow tests \[[@CR16]\]). Odds ratios were calculated to assess the contribution of each explanatory variable selected in the final model to *T. solium* contamination. Statistical analyses were performed using R software version 3.0.3 \[[@CR17]\]. The apparent prevalence of cysticerci as a function of the region in Madagascar between March 2013 and February 2014 was mapped to evaluate the spatial distribution of prevalence using Quantum GIS software \[[@CR18]\].

Ethical considerations {#Sec5}
----------------------

At the time of the study, neither the Malagasy Department of Veterinary Research and Husbandry nor the Ministry of Livestock Production had a committee to review and approve scientific research protocols involving animals. However, no animals were euthanized for the purpose of the study since we only considered the *T. solium* cysticercosis status of animals routinely slaughtered in Malagasy slaughterhouses.

Results {#Sec6}
=======

Descriptive results {#Sec7}
-------------------

From March 2013 to February 2014, a total of 68,432 pigs were slaughtered in the two abattoirs we surveyed, Anosizato (n = 59,765 carcasses, Abattoir \#1) and Ankadintratombo (n = 8667, Abattoir \#2), in Antananarivo city, central Madagascar. The only period when Abattoir \#1 was not surveyed was during 15 days in September 2013. The dataset included 41,178 animals of local African breed and 27,254 pigs of exotic breed. The animals were raised in 79 different communes distributed in 36 districts belonging to 14 regions (out of a total of 22 administrative regions in Madagascar). On average, 5702 animals were slaughtered monthly; a maximum of 8028 animals slaughtered was reported for December, reflecting the increased demand for pork for New Year celebrations (Fig. [1](#Fig1){ref-type="fig"}).Fig. 1Monthly prevalence of cysticercosis positive carcasses of local breed (n = 41,178; pink line) and exotic breed (n = 27,254; blue line) pigs raised in 14 regions and slaughtered in 2 abattoirs in Antananarivo, Madagascar (March 2013 -February 2014)

Post-mortem inspection identified 3219 pigs with cysticercosis lesions. The overall apparent prevalence was estimated at 4.6 % \[4.2 -- 5.0 %\]. The corrected overall prevalence - defined as the estimation of the prevalence after taking into account the sensitivity of meat inspection - was 21.03 % \[19.18- 22.87 %\].

Differences between geoclimatic regions {#Sec8}
---------------------------------------

Combined investigations of the central, western and northern geoclimatic regions revealed contrasted situations. Differences based on the geoclimatic divisions were analyzed for local indigenous pigs only, given the poor availability of information about commercial breed pigs raised in the western and northern regions. A total of 1709 *T. solium* cysticercosis positive pigs and 24,951 cysticercosis free local pigs from the central area (6.4 %), 179 *T. solium* positive and 2182 *T. solium* free animals from the western area (7.6 %), and, 983 *T. solium* positive and 9439 *T. solium* free pigs from the northern area (9.4 %) were recorded. Taking into account the effect of the season, the estimated prevalences of *T. solium* positive carcasses (Table [1](#Tab1){ref-type="table"}) varied little between regions: 7.9 % \[6.0 -- 9.9 %\] in the northern and western regions, and 7.3 % \[6.0-8.6 %\] in the central region. However, local pigs from the central region were as likely to be as infected as those in the western region (OR = 1.11 \[0.9-1.4\]; n.s.), but less infected than those in the northern region (OR = 1.45 \[1.3-1.6\]; p-value \<0.001), revealing that fattened pigs originating from the northern region and slaughtered in Antananarivo were significantly more at risk of *T. solium* cysticercosis than pigs raised in the central region. This result should be interpreted considering the season and the slaughterhouse where the surveillance was conducted: in particular, Table [1](#Tab1){ref-type="table"} shows that, (i) at Abattoir\#2, carcasses of local pigs raised in the northern region were less frequently infected than pigs produced in the central region (OR = 0.34 \[0.25-0.47\]; p-value \<0.001); (ii) fall was an at-risk period for pigsproduced in the western region, and spring was an at-risk period for pigsproduced in the northern region, compared with pig carcasses produced in the central region and slaughtered in summer.Table 1Multiple regression analysis of the association between different individual parameters and porcine cysticercosis infection^a^ in pigs (local breed only) in the central, northern and western climatic regions of Madagascar (n = 39,443)VariableLevelInfected (n = 2871)Not infected (n = 36,572)Adjusted odds ratio (95 % CI)^c^*p*-valuen (%)^b^n (%)^b^SeasonFall399 (6.3 %)5940 (93.7 %)0.64 (0.56-0.75)\<10^-3^Winter781 (6.4 %)11,354 (93.6 %)0.70 (0.62-0.79)\<10^-3^Spring321 (7.1 %)4181 (92.9 %)0.76 (0.65-0.89)\<10^-3^Summer1370 (8.3 %)15,097 (91.7 %)ReferenceAbattoirAbattoir2248 (7.9 %)3334 (92.1 %)1.48 (1.20-1.83)\<10^-3^Abattoir12623 (7.3 %)33,238 (92.7 %)ReferenceRegionWest179 (7.6 %)2182 (92.4 %)1.13 (0.91-1.4)N.SNorth983 (9.4 %)9439 (90.6 %)1.46 (1.29-1.66)\<10^-3^Central1709 (6.4 %)24,951 (93.6 %)Reference^a^Determined using veterinary visual inspection at the slaughterhouse^b^(%) refers to row percentages^c^ *CI* Confidence interval

Among local pigs produced in the southern region and traded in Antananarivo, 119 positive animals were detected vs. 1616 negative animals (6.86 %). The estimated apparent prevalence of *T. solium* in pork carcasses was 6.2 % \[4.7 -- 7.8 %\], and did not vary with the season. However, differences were observed between the two abattoirs: abattoir \#2 (OR = 0.7 \[0.47 - 1.04\]; p-value \< 0.001) received fewer infected pigs from the southern region than abattoir\#1, independently of the season.

The seven administrative central upland regions were investigated separately (Table [2](#Tab2){ref-type="table"}) taking three factors into account: the breed (indigenous vs. commercial breed), season, and abattoir; 1884 positive and 50,114 negative animals were recorded (3.62 %). The estimated apparent prevalence in the central region was 3.8 % \[2.9-4.6 %\], independently of the breed, the season or the abattoir concerned. Nevertheless, two clusters were identified, revealing contrasted situations among the central regions (see Fig. [2](#Fig2){ref-type="fig"}): Cluster 1 grouped four regions with low prevalence and with no significant differences among them: Itasy (2.5 % \[0.9-4.1 %\]), Vakinankaratra (3.3 % \[1.9-4.8 %\]), Analamanga (3.6 % \[2.0-5.2\]), and Amoroni'Mania (4.4 % \[2.5-6.3 %\]); Cluster 2 grouped three regions located farther from the capital than the regions grouped in Cluster 1, with a significantly higher prevalence. The regions grouped in Cluster 2 were identified as at-risk production areas for the final market in the Malagasy capital: the highest estimated prevalence (7.1 % \[5.9-8.4 %\]) was found in Ihorombe around Fianarantsoa city (OR: 1.60 \[1.20-2.13\]; p-value \< 0.001); prevalences in Haute Matsiatra and in Bongolava were estimated at 5.3 % \[3.0-7.5 %\] (OR: 1.63 \[1.45-1.84\]; p-value \< 0.001), and 4.1 % \[2.1-6.0 %\] (OR: 1.21 \[1.02-1.43\]; p-value \< 0.01) respectively.Table 2Multiple regression analysis of the association between individual (breed) and grouped (abattoir, season) parameters and porcine cysticercosis infection^a^ in pigs from 7 regions in the central upland region of Madagascar (n = 51998)Risk factorCategoryInfected (n = 1884)Not infected (n = 50114)Adjusted odds ratio (95 % CI)^c^*p*-valuen (%)^b^n (%)^b^Breedindigenous1709 (6.4 %)24,951 (93.6 %)8.46 (6.71-10.7)\<10^-3^Commercial175 (0.7 %)25,163 (99.3 %)ReferenceAbattoirAbattoir2170 (4.5 %)3578 (95.5 %)3.6 (2.5-5.2)\<10^-3^Abattoir11714 (3.6 %)46,536 (96.4 %)ReferenceSeasonFall271 (3.1 %)8529 (96.9 %)0.53 (0.32-0.89)\<10^-2^Winter490 (3.3 %)14,426 (96.7 %)0.37 (0.23-0.6)\<10^-3^Spring210 (3.6 %)5676 (96.4 %)0.32 (0.17-0.61)\<10^-3^Summer913 (4.1 %)21,483 (95.9 %)ReferenceRegionAmoron'I Mania53 (5.7 %)870 (94.3 %)1.17 (0.87-1.58)N.SAnalamanga53 (2.1 %)2435 (97.9 %)1.1 (0.79-1.52)N.SVakinankaratra129 (1.5 %)8481 (98.5 %)0.1 (0.8-1.2)N.SBongolava199 (3.2 %)6034 (96.8 %)1.2 (1.02-1.44)\<10^-2^Haute Matsiatra937 (7.4 %)11,763 (92.6 %)1.64 (1.45-1.84)\<10^-3^Ihorombe58 (8.1 %)659 (91.9 %)1.60 (1.2-2.1)\<10^-3^Itasy455 (2.2 %)19,872 (97.8 %)Reference^a^Determined using visual meat inspection at the slaughterhouse^b^(%) refers to row percentages^c^ *CI* Confidence intervalFig. 2Apparent prevalence of porcine cysticercosis based on the detection of cysticercosis lesions during post-mortem inspection of 68,432 pigs slaughtered in 2 urban abattoirs in Antananarivo (Madagascar) from March 2013 to February 2014. The size of the black squares indicates the prevalence, while the shade of grey indicates the number of pigs slaughtered according to their region of origin. Dashed lines identified the clusters of low (blue) and high (black) risk for porcine cysticercosis for central regions only

Risk factors {#Sec9}
------------

In the seven administrative regions of the central upland considered in this study, multivariate logistic regression analyses (Table [2](#Tab2){ref-type="table"}) showed that both the breed and the season influenced apparent prevalence. First, indigenous local pigs were 8.5 times \[6.7 -- 10.7\] more likely to be infected than exotic improved pigs. In addition, urban consumers who lived in Antananarivo and ate pork produced in the central region were more likely to find cysticercosis in pork during the rainy season (austral summer), in particular during religious celebrations in December, than in other periods. Veterinary inspections reported less cysticerci in pig carcasses in the cool dry season (April and May) (OR = 0.53 \[0.32-0.88\]; p-value \< 0.01), winter/cold dry season (June to August) (OR = 0.37 \[0.23 -- 0.60\]; p-value \< 0.001) or spring/warm dry season (September and October) (OR = 0.32 \[0.16 -- 0.61\]; p-value \< 0.001) than in summer/warm rainy season (November to March). Finally, pigs raised in the central region also gave different results with respect to the two abattoirs: animals slaughtered in Abattoir\#2 were 3.6 times \[2.5 -- 5.2\] more likely to be infected than in the Abattoir\#1.

Discussion {#Sec10}
==========

Our main result confirmed that the burden of pork contaminated by *T. solium* is underestimated not only by official statistics, which cite 0.5 to 1 % prevalence \[[@CR2]\], but also by a preliminary assessment of the disease burden in four Antananarivo slaughterhouses in 2010 \[[@CR19]\]. Moreover, the overall prevalence rate of *T. solium* cysticercosis, albeit after correction, appears to be higher than rates reported in other African countries, e.g. 14.4 % in Nigeria \[[@CR20]\] or 15.7 % in Cameroon \[[@CR21]\].

Malagasy indigenous pigs were 8.5 times \[6.7 -- 10.7\] more likely to be infected than exotic improved pigs, as also observed to a lesser extent in India \[[@CR22]\], and Zambia \[[@CR23]\]. In contrast, commercial or crossbred animals were particularly mentioned as a risk factor for cysticercosis in Zambia \[[@CR24]\] and South Africa \[[@CR25]\]. This is more likely an effect of the farming system in which the animals were raised than to a hypothetical genetic resistance of the exotic pig breeds. Commercial pigs, e.g. Large White or Landrace breeds, in the central regions of Madagascar are mostly raised in confined conditions and only indigenous pigs roam and scavenge freely \[[@CR26]\]; consequently local pigs are more at risk of ingesting taenid eggs from human faeces. However, in a recent study in Tanzania \[[@CR27]\], confining pigs in rural areas as a way of preventing porcine cysticercosis was called into question as confining the animals all year round failed to reduce the seroprevalence of porcine cysticercosis, suggesting that pigs were either not fully confined or that infection occurred in the pens, and hence environmental contamination by Taenia eggs within and around farms. Consequently, surveillance of the environment in and around farms where pigs are raised in confined conditions should not be neglected.

The number of cases observed in urban slaughterhouses increased during austral summer (rainy season). In Burkina Faso, a similar increase during the rainy season was associated with pig rearing practices. When farmers are temporarily short of pig feed or their income is reduced, they allow their pigs to roam \[[@CR28]\]. In Madagascar, the answer is probably the organization of the trade sector during periods of underproduction: during the rainy season, i.e. when the Christmas and New Year festivities approach, the normal supply chain of live pigs is unable to provide enough meat to satisfy the increased demand for pork, and, as the prices rise, traders may be less selective and accept pigs independently of their health status. Whereas the pork trade has been said to influence the transmission of the parasite \[[@CR29]\], it is its efficacy in limiting the circulation of infected animals to the final market that may be at fault.

A high but spatially heterogeneous prevalence of the parasite was revealed among the pig population. However, the overall apparent prevalence may be underestimated, in particular for distant regions. As our study only used data from urban slaughterhouses (i.e. at the final market) it does not give a true picture of the disease in coastal regions, either on commercial farms or on smallholder pig farms. First, there is a local trade sector in every region, and commercial pig farms preferentially supply local demand in secondary cities. Then, the highly infected carcasses detected by lingual palpation at live pig markets are usually diverted toward the informal market \[[@CR8], [@CR30]\], for local consumption in street restaurants or for processing of low-cost pork products \[[@CR2]\]. In this way, these animals escape any existing surveillance system or control measures. Transversal studies are thus needed in rural and coastal regions and in peri-urban production areas close to secondary cities to complete our epidemiological information.

With our surveillance system, light infections may be missed. Because previous studies underlined the lack of sensitivity of meat inspection for *T. solium* detection, especially in developing countries in Africa, which may lead to underestimation of the number of pig carcasses harboring cysts \[[@CR24], [@CR31], [@CR32]\], we accounted for this error by using a detection fraction to estimate the corrected overall prevalence \[[@CR12]\]. In addition, we maximized the size of our survey sample in order to be as representative as possible of the total pig production sold in the Malagasy capital city: Hence, based on the carcass of one pig (60 kg on average, personal field observations), the survey dataset (n = 68,432) corresponded to 63 % of the total annual demand in Antananarivo city, which has a population of 1.23 million \[[@CR33]\], and where 5.3 kg of pork is consumed per inhabitant per year \[[@CR34], [@CR35]\].

However, the cysticerci stages, i.e. viable or degenerated, were not recorded, leading to potential overestimation of the risk for consumers. The true risk of contracting a tapeworm by eating pork may be difficult to evaluate in the absence of reliable data either about the food behaviours of Malagasy consumers or about the organization of the pork value chain.

Conclusion {#Sec11}
==========

In conclusion, we recommend: (1) increasing the detection sensitivity of meat inspection, particularly by improving surveillance in urban abattoirs during austral summer, especially in December and January, and by targeting pigs of indigenous breeds raised in northern and southern regions; (2) conducting surveys and risk assessment studies, firstly at farm level to investigate the distribution of porcine cysticercosis in endemic regions, i.e. disease mapping and cluster analysis, and secondly at value chain level to better understand the informal trade networks for live pigs and pork to better identify at-risk networks or market places, in order to implement efficient prevention and control measures; and (3) raising the awareness of farmers and stakeholders by promoting evidence-based health education as a specific control measure.
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